The present work describes the statistical process optimization of a lowcost production process of PLA using organometallic (stannous octoate) compounds. The process optimization for both lactide and polylactide, was developed by factorial design and response surface methodology. The influence of different experimental parameters such as reaction temperature, time, concentration of catalyst and co-initiator concentration on the yield of lactide and polylactide has been evaluated. There are many studies reported on the synthesis of polylactide but no earlier study exists for the application of statistical analysis in determining the interactions among the process variables for lactide and polylactide production. Central composite experimental design with multiple linear regression has been used to estimate the coefficients of the polynomial model equation for the yield(s) of both lactide and polylactide. The statistical significance of polynomial model equation was validated by F test (ANOVA). Determination coefficient (R 2 ) values found to be 0.913 and 0.958 for lactide and polylactide respectively, states that predicted values were in good agreement with the experimental values. Results of the statistical analysis showed that the model fits in all cases. Above synthesised polymer was characterized by FT-IR, 1 H-NMR, DSC and GPC to confirm the polymer structure and properties.
Introduction
Polylactide (PLA) has become very important biomedical materials due to the combination of its bioresorbable, biocompatible, biodegradable and mechanical properties. It has been widely used in drug controlled release, surgical suture, orthopaedics bone internal fixation and tissue engineering [1] [2] [3] [4] [5] [6] . Early in the 50's, many aliphatic polyesters were derived from lactic acid. But no attention was paid to these polyesters because of its poor hydrolytic and thermal stabilities. However, in the recent years the hydrolytic instability has become an exciting advantage and made these materials suitable for a wide variety of surgical and pharmaceutical applications [7] . Polymers derived from these α-hydroxy acids, hydrolytically degrade into non-toxic products. PLA is a non volatile, odourless polymer and is classified as GRAS (generally recognized as safe) by the Food and Drug Administration in the United States. Two methods are currently available for PLA synthesis: polycondensation of lactic acids (direct method) and ring-opening polymerization of lactides (indirect method). Although many reports on the synthesis of polylactides have been published [8] [9] [10] but there is problem in the high yield production of the polylactide.
RSM is a statistical technique applied for modelling and analysis of problem in which several variables influence a response. It is an effective statistical technique for the investigation of complex processes [11] and provides sufficient information for statistically acceptable results by reducing number of experimental runs. It is a faster and less expensive method for gathering research result [12] , useful for the evaluation of relation existing between a cluster of controlled experimental factors and the measured property according to one or more selected criteria. The central composite design (CCD) is the standard RSM [13] and allows estimating the second degree polynomial of the relationships between the independent variables and the dependant variables and gives information about interaction between variables in relation to the dependant variable [14] .
In this paper, systematic understanding of the process conditions was developed. Synthesis process of polylactide (PLA) from its cyclic dimers, lactide (synthesized from lactic acid) by ring-opening polymerization in the presence of catalyst stannous octoate [Sn(Oct) 2 ] and co-initiator lauryl alcohol, has been established. A quantitative basis for the relationships between yield and the process parameters, were established using response surface methodology (RSM), which may produce polylactide on a large scale. The main effects and the interactions of factors were studied by two-way analysis of variance (ANOVA) and multiple regression analysis.
Results and discussion

Structural Analysis of Lactide and Polylactide
The IR spectrum of the lactide sample exhibited absorption peaks at 2939.580 (CH 3stretch), 1454.079, (CH 3 -bend), 1755.930 (C=O anhydride), 1268.964 (C-O stretch) and 924.883 (CO-O ring breathing mode) cm −1 which are specific to lactide ring [15] . The IR spectra of purified polylactide showed absorbance peaks at 1755.722 (C=O ester-carbonyl group), 2996.793 (CH-stretch), 1184.095 (C-O-C anti symmetric stretch) and 671.966 (O-C-O bend) cm −1 . The 1 H NMR spectra showed the signals at δ=1.57 ppm and δ=5.152 ppm are attributed to methyl protons (doublet) and methine protons (quartet), respectively. The signal of methyl protons of the polymer is slightly up field relative to that of the monomer probably due to the effect of the chain length. These results correspond well to those reported in the literature [16] . Molecular weights distributions results M n 48400, M w 60500 and PDI 1.25 was evaluated by GPC. The specific rotatory power of lactide and polylactide in methylene chloride were -296.5° and -155.5° respectively, which shows high optical purity of polymer. Intrinsic viscosity was measured to be 1.55 dl/g and also showed T m value in the range of 180.0-188.5 °C.
Statistical analysis
Statistical analysis of the model was used to evaluate the analysis of variance (ANOVA). The quality of polynomial model equations was judged statistically by the coefficient of the determination R 2 and its statistical significance determined by Ftest. For the synthesis, the process selection of the levels was carried out on the basis of results obtained from previous study, considering the experimental installation limit. The design matrix and corresponding experimental data are given in Table I For lactide synthesis the quadratic polynomial equation obtained after data analysis:
Y L is lactide yield X Dt is depolymerization time, X T reaction temperature, and X CC is concentration of catalyst.
For Polylactide the quadratic polynomial equation obtained after data analysis: 
Y PL is yield of polylactide, Z Pt is reaction time, Z T is reaction temperature, Z CC is concentration of catalyst and Z CCo is concentration of co-initiator.
The fit of model was evaluated by the coefficient of determination (R 2 ) which was 0.913 and 0.958 for lactide and polylactide respectively, which depicts 91.3% of variability for lactide and 95.8% for polylactide in the response. The adjusted coefficient of determination (R 2 adj ) was 0.922 and 0.835, which indicates a high degree of correlation between the observed and predicted value. The statistical significance of the second order polynomial equation was analysed by an F-test. The model F value of 26.23 and 11.73 revealed that these regressions are statistically significant. Value of "Prob > F" less than 0.05 indicate model terms are significant, where as more than 0.01 it is not significant.
In both cases the analysis of variance (Tab. 3 and 6) of the quadratic regression model demonstrated that both equations (2 and 3) were highly significant model. The coefficient values were calculated and tested for significance and are listed in 
Effect of different experimental condition
The quadratic model was employed to construct three dimensional response surface plots to show the effect of independent variables on the yield of lactide and polylactide. In these plots, two independent variable changes within the experimental range ( Fig. 1 and 2) , while the value of third factor remains constant at its optimal value. Such graphical tools provide useful information on the process conditions necessary to achieve the desired value of response. From the statistical analysis, it can be concluded that the temperature influence is statistically significant in the range studied for and is most important factor for lactide and polylactide synthesis. Fig. 1 shows that lactide yield was enhanced with increasing depolymerization time, temperature and catalyst concentration up to 10 hour, 180 °C and 0.075% respectively. Similarly polylactide yield increases (Fig. 2) with increasing reaction time, reaction temperature, catalyst and co-catalyst concentration up to 27 hour, 185 °C, 0.04% and 0.007% respectively and exhibited maximal yield at these parameters. However, the yield decreases for both lactide and polylactide at higher values of the mentioned variables.
The result obtained from For polylactide with increase of the catalyst concentration above 0.05 wt%, the polylactide yield decrease because of additional polymerization. The yield was observed to be the lowest at no catalyst concentration. The decrease in the monomer conversion at high polymerization temperatures is due to thermal depolymerization of the resultant polymer. The equation 2 and 3 were solved and the optimum point for the achievement of maximum yield is estimated as 78.38% and 85.23% for lactide and polylactide. To assess the validity of the quadratic model, the optimum conditions are used in synthesis process of lactide and polylactide. Consequently, the highest yield of lactide and polylactide obtained was 78.4% and 88.43%. Lactide polymerization is extremely sensitive to the presence of hydroxyl groups that act as chain transfer agents and the most likely sources of impurities in lactide are lactoyl lactate and absorbed moisture [17] . As lactide and stannous octoate are hygroscopic substances hence to obtain reproducible results, parameters such as lactide purification and reaction conditions (time, temperature, pressure) were kept under control. 
Conclusions
In this work synthesis process parameters for lactide and polylactide are selected and optimized for the high yield production. The polymerization conditions affect the yield of the product. Observed highest yield of lactide and polylactide were 78.4% and 88.43% respectively. This value is very close to the yield predicted by means of response surface methodology (RSM) under optimized conditions. It can be concluded that there is good agreement between the results obtained from experimental and estimated responses which demonstrates further that the quadratic model is an adequate predictor of the experimental results.
The obtained conditions Melting point of lactide synthesized under the conditions optimized by statistical method (reaction temperature 176 ºC, catalyst concentration 0.06 g and reaction time 19 h) was found to be 98.5 ºC and its free lactic acid content was less (9.52%). Similarly polylactide obtained from condition values optimized by statistical method (reaction temperature 185 °C, polymerization time 27 h, catalyst concentration 0.04%, co-initiator concentration 0.007%) showed higher intrinsic viscosity value, yield up to 88.2% and the DSC result showed T m and the enthalpy of melting (ΔH m ) to be 182.54 ºC and 70.16 J/g respectively. The crystallinity (X c ) evaluated was 75.44% which suggest the crystalline nature of the synthesised polymer.
It is observed that lactide and polylactide synthesised with reference to yield and its process optimization using statistically based designs served as an efficient tool in process development where an analysis of the effect and interaction of many experimental factors are required. CCD allowed smaller and less time-consuming experimental designs with identification of the important factors and interaction between them. To conclude, CCD and RSM are useful to determine the optimum levels of the components that significantly influence the yield.
Experimental part
Materials
Lactic acid was purchased from Reidel. Stannous octoate was obtained from Otto. Lauryl alcohol was purchased from Loba-Chemie. Silicon oil was purchased from Himedia. Ethyl acetate dichloromethane, methanol and other reagents used were analytical grade. MINITAB 15 software was used to design the experiments.
Synthesis of Lactide and Polylactide
Polylactide were synthesised from lactides which was formed by conversion of lactic acid. Purified lactic acid was dehydrated at 135-150 °C in a silicon oil bath for 3-4 hour at atmospheric pressure to eliminate the water. Pressure was then reduced to 100 mm Hg, resulting in the formation of viscous lactic acid oligomer. Subsequently, catalyst was added to the mixture oligomer. Crude lactide was produced at reduced pressure of 25 mm Hg and temperature range of 160-200 °C for 5-15 hour, by the depolymerization of oligomer [18] [19] . The crude lactide was purified by recrystallisation using ethyl acetate and dried under vacuum [20] [21] .
For the synthesis of polylactide, the above purified lactide was taken in a round bottom flask, conditioned in a silicon oil bath and was heated under vacuum with stannous octoate as a catalyst and lauryl alcohol as co-initiator up to 170-200 °C for predetermined period of time (27-35 hour). The flask was shaken vigorously until the monomer was melted and mixed with the initiator completely. After reaction at high temperature, the reaction mixture was kept at room temperature. The polymerization product was dissolved in excess of dichloromethane and precipitated with excess of methanol [10, 18, 22, 23] . The product was reprecipitated three times in methanol to get purified product. Precipitated polymer was dried under vacuum for overnight and weighed to get the yield of the polymerized product.
Measurements
FT-IR spectra (FTIR-8400 S SHIMADZU) were recorded using KBr pellets. 1 H NMR (JEOL AL300 FT NMR) was recorded at room temperature in CDCl 3 . Gel permeation chromatograph (Waters 2690 GPC) was performed to determine molecular weights distributions (number average molecular weight, M n and weight average molecular weight, M w ) and using THF as the mobile phase with a flow rate of 1.0 ml/min at 25 °C. PDI (polydispersity index) was determined using GPC results. Various parameters; the glass transition temperature (T g ), melting temperature (T m ) and enthalpy of melting (ΔH m ) of the polymer was determined using differential scanning calorimeter (DSC), METTLER, samples of about 10 mg were placed in the sample holder and heated at a rate of 10 ºC min -1 , from 25 to 210 ºC. The endothermic peak area is proportional to the polymer melting enthalpy, ΔH m . So the %crystallinity (X c ) value was evaluated according to the following formula:
where, 93 J/g is the melting enthalpy of the PLA having the infinite crystal thickness (100% crystalinity) reported by Fischer et al, 1973 [24] .
Viscometry measurement was carried out by glass and wall viscometer using chloroform at 25 ºC. The intrinsic viscosity [η] of the PLA sample was obtained from the intercept of the plot (η -η 0 ) / η 0 C vs. C, where (η -η 0 )/η 0 is the reduced viscosity and C is the polymer concentration; η and η 0 , are the measured viscosities of, respectively, the PLA-chloroform solution and the pure chloroform [25] . The optical purity of lactide was analyzed by polarimeter, Contech Instruments Ltd, using methylene chloride as solvent. Acid content was determined by titration method using 0.1M sodium hydroxide as titrant and phenolphthalein as indicator.
Experimental design
The experimental design applied to this study was a two level factorial design 2 3 and 2 4 for lactide and polylactide respectively. Application of this method requires adequate selection of response, factors and levels. In this work the influence of the reaction parameters on the synthesis of lactide and polylactide has been studied. Three independent experimental variables were chosen for lactide synthesis, depolymerization time, D t (hour), reaction temperature, T (°C), catalyst concentration, CC (wt %), and four variables for polylactide, viz polymerization time, Pt (hour), reaction temperature, T (°C), catalyst concentration, CC (wt%) and co-initiator concentration, CCo (wt%). The response Y L and Y PL was the yield of lactide and polylactide respectively. The selection of factor was made considering the chemistry of the system, practical use of fractional design and to optimize the process from economic point of view. CCD designs created 20 and 30 experiments for lactide and polylactide synthesis respectively. Experimental data were analyzed in the following three main analytical steps: Analysis of variance (ANOVA), regression analysis and plotting of response surface. F-test was employed to evaluate the statistical significance of the quadratic polynomial. The determination coefficient of correlation R 2 was calculated to evaluate the performance of the regression equation. The optimum levels of the selected variables were obtained by solving the regression equation and by analyzing the response-surface plots.
